arious intraocular lens (IOL) designs have been developed to achieve better unaided vision for patients undergoing cataract surgery. Today's standard monofocal IOLs provide excellent distance visual acuity, 1 whereas toric and aspheric IOLs optimize the refractive outcome.
Evaluation of Decentration and Pupil Size/Tandogan et al using monofocal, bifocal, and trifocal IOL designs. All IOLs were of the same body design and material.
MATERIALS AND METHODS
This study involved the analysis of three IOL types with the same refractive distance power (21.00 D), body design, and material. The three IOL types were aspheric monofocal (CT ASPHINA 409M), aspheric bifocal (AT LISA 809M), and aspheric trifocal (AT LISA Tri 839MP). All three were manufactured by Carl Zeiss Meditec, Jena, Germany. Table 1 summarizes the characteristics of the three IOLs analyzed in the study.
Our testing methods largely followed the methodology previously published by Gatinel and Houbrechts. 11 In brief, we undertook the following steps.
We measured all IOLs using an optical bench (IOL OptiSpheric Pro; Trioptics GmbH, Wedel, Germany), which was set up in accordance with International Organization for Standardization norms 11979-2 and 11979-9. 12, 13 This set-up included a model eye with an aberration-free model cornea, with which both quantitative and qualitative analyses could be performed at various spatial frequencies and apertures. The IOLs were kept within the model eye in saline water with a refractive index of 1.336 at ambient temperature, resembling the natural conditions of an IOL implanted in a real eye.
The light bundle radiated from a 546.1-nm light source 14 was collected by a collimator to virtually image a test target, which was chosen according to the specific analysis; first as a cross slit for modulation transfer function (MTF) measurement and second as a USAF 1951 resolution test target. The respective target was imaged through the IOL to its focal plane. A measurement detector, including an objective microscope lens and a high-resolution charge-coupled device camera with integrated autofocus, was placed at the IOL's focal plane.
The MTF describes the ability of an optical system to transfer the details of an object to the image. 15, 16 As such it is routinely used to describe the performance of an optical system. The optical bench set-up evaluates the MTF by generating the line-spread function of the captured image. The line-spread function reflects the ability of an optical system to reproduce an infinitesimal thin line. 14 The narrower the imaged slit, the better the MTF value and the optical performance of the IOL. The cross-sectional intensity profile of the slit image is computed and calculated into the MTF values via a Fourier transformation.
We measured MTF values at spatial frequencies of 50 lp/mm and at aperture sizes (representing pupil sizes) of 3 and 4.5 mm, which correspond to the average physiological pupil sizes of humans older than 60 years under photopic and mesopic conditions. 17 We documented the USAF 1951 resolution test target images to qualitatively compare the optical performance of the three IOLs.
We measured each IOL while centered to the optical axis of the optical bench set-up, then decentered the IOLs at values of 0.25, 0.5, 0.75, and 1 mm. For each IOL type, we tested five individual lenses five times for each position and aperture size, resulting in 25 measurements per IOL type.
The group means for each IOL, focus, decentration, and aperture size combination were subsequently calculated.
Absolute values of MTF between decentrations were compared using an independent two-sample t test performed with the MedCalc statistical software for Windows (version 15; MedCalc Software, Mariakerke; Belgium) to assess whether the mean values of 
IOL = intraocular lens; D = diopters
Evaluation of Decentration and Pupil Size/Tandogan et al the IOL models for each parameter were significantly different from each other. A P value of .05 or less was considered statistically significant.
RESULTS
The MTF values for aperture sizes 3 and 4.5 mm at different levels of decentration are shown in Figure 1 for far, near, and intermediate focus.
The loss of image quality is summarized in Table A  (available in the 
DISCUSSION
Our results showed that the absolute far focus MTF values were overall highest for the monofocal IOL (Figure 1 and Table A) . With a decrease in MTF values of less than 10% for a decentration of 1 mm, the dif- Table A) . Furthermore, the larger aperture size of 4.5 mm resulted in a larger reduction of MTF at larger decentrations compared to the smaller 3-mm aperture size (Figure 1 and Table A ). The USAF resolution targets reflected this effect (Figure A) .
MTFs at the near focus of the bifocal and trifocal IOLs were overall slightly lower than those of the respective lenses at the distance focus ( Figure B and Table A ). The overall reduction with decentration was similar to the reduction at the far focus, being significant for 0.5 to 0.75 mm ( Table A) . Aperture size did not show any relevant impact (Table A) Table A) .
Kim et al. 18 evaluated the impact of decentration on aspheric-toric monofocal IOLs on the optical bench and found "a superior image quality despite pupil size changes and the presence of decentration" (p. 2281). Other optical bench studies came to similar conclusions, but, although potentially irrelevant, they usually showed a slight decrease in image quality with decentration. 16, 19, 20 Our results confirmed these findings because the monofocal lenses in our study also were hardly affected by decentration. A clinical in vivo study by Baumeister et al. 21 evaluating higher order aberrations after implanting different monofocal IOLs confirmed that small amounts of IOL tilt and decentration had no impact on postoperative quality of vision.
Montés-Micó et al. 22 evaluated refractive-diffractive and zonal multifocal IOLs with regard to the impact of decentration on optical performance in an optical bench study. They stated that "tilt and decentration had a significant impact on optical quality with both IOLs" (p. 1662). In their optical bench study of four different multifocal IOLs, Soda and Yaguchi 7 concluded that only decentrations of 0.75 mm or larger would result in relevant visual disturbances. Our results point in the same direction because only decentrations of approximately 0.5 to 0.75 mm resulted in significant reductions of MTF values.
According to our results and the findings of previous publications, patients' distance quality of vision with multifocal IOL would thus be more negatively influenced by decentered IOLs than the quality of vision of patients implanted with monofocal lenses. The effect of increasing aperture size leading to even stronger reduction in MTF will affect patients who have larger pupils, such as those under mesopic conditions.
Reading ability is one major expectation of patients deciding to have multifocal IOLs implanted. Therefore, the overall reduced MTF, as known from these IOLs, is already a source for a postoperative lack of quality of vision and thus patient satisfaction. Further reduced near performance caused by decentration will most likely affect patient satisfaction with near visual performance even more.
The effect of decentration becomes relevant only for decentrations of approximately 0.75 mm or larger, which would hardly ever occur in surgical practice, 21, 23 unless in the presence of surgical complications, which then would usually lead to other, more severe, issues for the patients. 24 The results of this study are somewhat limited because all assessed IOLs had a refractive power of +21.00 D. Therefore, the results are not representative for IOLs of significantly larger or lower refractive powers. In addition, the near power varies slightly between the two diffractive lenses. Furthermore, the model eye used had an aberration-free model cornea, an approach that neglects the potentially adverse effects that the individual patients' higher order aberrations, especially the spherical aberration, would have on the IOL's optical quality in vivo. Finally, as is the nature of in vitro optical bench testing, factors such as neuroadaptation cannot be assessed.
This study showed that, for physiological pupil sizes, monofocal lenses appeared to be least negatively influenced by decentration than bifocal or trifocal lenses, with a mean reduction of optical quality of less than 10% for a decentration of 1 mm. The absolute MTF reduction was almost similar in all lenses. Due to the optical principle of imaging multiple foci simultaneously by diffractive optics, however, reduction was relatively larger in the diffractive IOLs because their maximum MTFs were initially much smaller. The near, intermediate, and distance focus optical quality of diffractive bifocal and trifocal lenses is significantly reduced when decentration exceeds 0.75 mm. Therefore, special care must be taken to avoid surgical complications when implanting these IOLs. 
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